Spectra in the wavelength range of 3~ nm have been acquired during proton-beam irradiation of samples of solid hydrogen and deuterium at 4.2 K. Emission spectra from the transitions A I 3Au~X3l:; of O 2 , 4s-2D ofN I, and ID-IS of 0 I have been measured and attributed to an air impurity in the sample. Comparison is made of the vibrational constants derived from the molecular bands, the spectral shifts of all features, and the lifetime of the 2p3 2 D multiplet of N I obtained in the solid hydrogens with those obtained by matrix isolation studies using N2 and rare gas hosts.
I. INTRODUCTION
Matrix isolation spectroscopy has been used to study an extensive variety of atoms and molecules trapped in low temperature hosts. [1] [2] [3] The rare gases afford the most commonly used host material but nitrogen and others have also been used. The hydrogens, presumably because of their high vapor pressure at liquid helium temperatures, have been used infrequently and few measurements are available using such hosts.
This laboratory has recently reported a sequence of experiments in which the infrared absorption spectra of solid hydrogen and deuterium have shown additional features during, and after termination of, proton-beam irradiation.4-7 These features appear to be a consequence of substantial positive ion and electron bubble concentrations created by the beam. 7 We were curious to see if these species, or any neutral atoms presumed to be present, would show an emission spectrum. The spectra we acquired were in fact caused by an air impurity and no features attributable to the host could be seen. An impurity in one experiment is a guest in another and it became clear that some interesting and new results could be obtained.
The O 2 emission spectrum in rare gas solids using electron bombardment was thoroughly studied by Broida and co-workers over 25 years ago. 8 ,9 Because oxygen has a number of nested, closely spaced, excited state potential curves, the correct identification of the upper state relevant to this work awaited the experiment of Richards and Johnson 10 who used vacuum UV excitation. Some interesting consequences of the nested potentials have been examined by Goodman and Brus II who performed an elegant experiment using excitation from a pulsed tunable laser. In both of these latter papers the upper state designation is given as C 3 Au while in this paper the designation A I 3 Au of Huber and Herzberg l2 will be adhered to.
Nine emission bands from the v' = 0 level of the excited state to the v" = 3-11 levels of the ground state have been measured in hydrogen while eight have been measured in deuterium. The vibrational constants of the ground state (as well as v oo ) obtained from these measurements will be compared to those obtained in N 2 , Ar, Kr, and Xe matrices.
Two atomic emission lines, one from N I (2p3 4S-2p3 2D) and the other from 0 I (2p4 1D-2p4 IS) have been observed and a relative increase in their intensity following long term irradiation of the beam has been noted. Evidence will be presented that molecular dissociation with very little recombination occurs in the sample during irradiation and that substantial atomic concentrations must persist for long times following termination of the beam. The lifetime of the N I 2 D term in hydrogen and deuterium will be compared to its value in other hosts. Recently, the lifetime of the 0 I IS term in Ar has been critically examined. 13 The experiment described herein was unable to measure this lifetime in the hydrogens.
II. EXPERIMENT
The experimental apparatus, previously described, 4, 7 has been slightly modified for an emission experiment and will be briefly described here. An electrolytic copper sample cell, of interior volume 0.8 cm 3 , is attached to the cold finger of a Janis SIT transfer line cryostat. The proton beam, from the McMaster Tandem Accelerator, enters the cell through a 25 f.L thick Ni window. This window is several millimeters away from the optical image of the spectrometer entrance slit whose optic axis is orthogonal to the proton beam axis.
Light from the sample cell passes through a small sapphire window in the cell, then through a hole in the radiation shield, and finally through a larger quartz window in the vacuum shroud. One spherical and one plane mirror are used to image the light onto the entrance slit of a 0.25 m, Perkin-Elmer grating spectrometer if 14,1200 tlmm). An EMI 9635QB photomultiplier is attached to the spectrometer just outside the exit slit and standard photon-counting electronics have been employed. The sample cell was pumped by an alumina trapped rotary van pump and then filled, without further purifying, with either research grade H2 or 02' both from Matheson. The pump and fill procedure had been repeated at least six times before cooling the cell and several additional times during the cool-down. Except for the relatively brief pumping cycle, the sample cell had been kept about 20 kPa above atmospheric pressure. As the temperature dropped below the boiling point (20 K, H 2 ; 24 K, D 2 ) the cell filled with liquid which was cooled further and frozen. Hydrogen contracts about 12% on solidifying. Sample clarity, at the freezing point, can be substantially improved by warming briefly so that the sample gas can penetrate to the voids at the center, filling them in and improving the transparency. Further optical degradation is unavoidable as the sample is cooled to 4.2 K but sufficient clarity remains even for absorption measurements with a 0.9 cm optical path length. Both the filling procedure and the apparent clarity of the solid were monitored by eye.
The residual air impurity studied in this work probably arose from adsorption on the 150 em, stainless steel, gas inlet line. The impurity concentration, estimated at 0.1 % to 0.5%, has not been measured but the spectra under investigation are reasonably insensitive to that parameter.
Two features of this experimental arrangement distinguish it from normal matrix isolation experiments. The first is that the sample is thick, nearly 1 cm in any dimension, and the second is that excitation is provided by a 12 MeV proton beam which just manages to pass all the way through a hydrogen (or deuterium) matrix. None of the common matrix materials could be used in our apparatus as the path length for protons of maximum machine energy (20 Me V) is only a small fraction of the sample dimension for such materials. Figure 1 shows the emission spectra acquired for a hydrogen host using 12 MeV proton-beam irradiation. The spectra were taken with a dwell time of one second per channel and a scanning rate of -0.21 nm/s. The top spectrum was started 1 min after the beam was turned on while the bottom spectrum was started after 40 min of beam irradiation which includes the time taken to acquire the top spectrum. The beam was turned off briefly to reset the spectrometer.
III. RESULTS

A. Atomic emission lines
The major spectral features are marked on the top spectrum; the molecular bands will be discussed in the next section. Note the intensity changes between the spectra and in particular the increase in the relative intensity of the atomic lines. Both the N I and 0 I features have increased a factor of -3.5 with respect to the molecular features after 40 min of irradiation. This is almost certainly caused by dissociation of the N2 and O 2 molecules by the beam. If the beam should be turned off, however, even for an extended time (e.g., 30 min), and turned back on, the intensities are observed to remain unchanged. Hence recombination at 4.2 K must be an extremely slow process.
The only way to restore the relative intensities to their original values is to melt the sample and resolidify. Annealing the sample, even by warming close to the melting point, is not sufficient. This is to be contrasted with all previously measured beam induced effects in solid deuterium which are eliminated by warming the sample to 12 K.7 Fewer such effects are seen in hydrogen but these too disappear below 12 K.
6 Figure 2 shows three partial spectra, using hydrogen hosts at 4.2 K, 10 K, and 13 K. The melting point ofH2 is 14 K. The overall intensity of all features is markedly reduced at these temperatures but the relative intensity of the atomic N I feature is a maximum at 13 K. These spectra were acquired after sufficient beam irradiation for the atomic concentrations to have equilibrated. All of the spectral features, save one, tum on and off with the beam on a time scale too short ( < 1 s) to be measured using our apparatus. The N I emission line, caused by the dipole forbidden 2p3 4S-2p3 2D transition, does show a measurably slow response to the beam. Both the tum-on and tum-off behavior can be adequately represented by a twocomponent multiexponential fit. The overall time scale, defined as the time taken for the initial intensity to change by a factor of lie, is about 15 s for both the tum-on and tum-off curves. Because the tum-on curves can be perturbed by beam instabilities, the following discussion considers just the tum-off decay curves. The decay curve for the N I emission feature has previously been studied by Tinti and Robinson 14 and Peyron et al. 15 Tinti and Robinson measured decay curves in both Ar and Ne which could not be described by single exponentials. They attributed their long time components of -18 s in Ar and -340 s in Ne to the matrix perturbed radiative lifetime which is about 12 h in the free atom. The deviation from a single exponential which occurred over shorter times from those just specified were attributed to atom recombination. a time scale of a few seconds to recombination which cannot occur more rapidly than tens of minutes in either O 2 or H 2 . More probably the deviation from single exponential behavior arises from the fact that matrix perturbation is sensitive to the local symmetry around a nitrogen guest atom and there may be more than one kind of trapping site for the atoms. Figure 3 shows that the deviation from single exponential behavior is smaller in H2 than in O 2 for the samples measured. There is no obvious reason for this to be so and it is possible that the poorer counting statistics for H2 have prejudiced the fit.
B, Molecular emission bands
The emission band spectrum of Fig. 1 has been identi- Table II are the values for other hosts as well as the gas phase values. All of these results are plotted in Fig. 5 vs the polarizabilities of the hosts.1 7 The linear relationships so obtained for the molecular constants are not a general feature but are particular to this transition.
The top curve of Fig. 5 , which plots Voo vs polarizability of the host, may also be viewed as an expression of the spectral shift that occurs in the solid caused by perturbations of the electronic potential energy curves of the guest by the host. Such shifts may be expressed as
These shifts are often negative, or red shifts, as in the case here but usually become larger, or more negative, as the polarizability of the host increases.
This increase in the red shift as the polarizability increases is predicted by the simplest theories of van der Waals type interactions in which repulsive forces are excluded. However, it is also predicted by the much more sophisticated model of Heinrichs 19 which was developed along the same lines as the simple theory. Heinrichs' model has been somewhat successful when applied to a selection of simple molecules in rare gas solids obtained by Roncin 20 ; however, it does not even qualitatively agree with the top curve of Fig. 5 . This affords another example of the difficulty of calculating spectral shifts. Some comfort can be taken from the fact that the largest measured shift for this O 2 transition, which occurs in H 2 , is still less than 1 %. N(4S-2D) and 0 (ID-IS) transitions in H2 and D2 hosts. (2) 0 5550.6(2.2) 18011(7) 5631.4 ( 3.3) 17753 (10) While on the subject of spectral shifts it seems appropriate to discuss the shifts of the atomic emission lines here rather than in the previous section. The N I emission feature was observed to have six components in solid N z by Peyron et al. IS The strongest line occurred at 19 116 cm -I, shifted by 107 cm-I (to the red) from the (3/2-5/2) line in the gas. In this experiment the line shape could be adequately fit by just two components one of which dominated. The quoted wavelength in Table I represents a spectral shift of 121 cm -1 from the gas line in good agreement with the result ofPeyron and surprisingly consistent with the molecular results of Fig.  5 .
The 0 I line, the famous aurora green line, has been observed in N z , Ne, Ar, Kr, and Xe by Schoen and Broida. 9 In their experiments the feature was intense (except for N 2)' broadened, and multi lined. Three broad lines were seen in N2 while the rare gases showed two. The transition was one in which the red shift increased with increasing polarizability of the host. In this experiment, the feature is rather weak and well measured only in D 2 • It occurs as two broad lines on either side of the gas phase value of 17 924.7 cm -I. (The linewidths are 60A. at 5551 A. and 80 A. at 5631 A.) The wavelengths agree more closely with those measured in N2 than with any of the rare gases. That the line structure and widths are not intrinsic but are caused by interactions with the host seems clear. Such interactions are complicated and no straightforward explanation for the difference in appearance between the N I and 0 I features is possible. The subject of atoms in matrices has been reviewed by Gruen.
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IV. SUMMARY AND CONCLUSIONS
Emission spectra have been acquired from proton-beam irradiated samples of solid hydrogen and deuterium in the temperature range 4.2-13 K. Nine bands from excited O 2 and one line each from atomic nitrogen and oxygen have been observed and attributed to an air impurity in the sample. A study of the intensities of these lines led to the conclusion that substantial atomic concentrations build up in the sample during beam irradiation and recombine slowly at 4.2 K. The decay curve of the N I feature in deuterium showed marked similarities with the same curve in N2 but not with hydrogen. Analysis of the molecular spectrum yielded the constants of the ground state of O 2 in both a hydrogen and deuterium matrix and these values were compared to those for other matrices. Such a comparison shows that the scatter of results from experimenter to experimenter is almost as large as that caused by a change of matrix. The spectral shifts for both the molecular and atomic transitions were then examined and found to be less than 1 % from the gas phase values. Recently Jacox has performed a literature review and has examined the spectral shifts of the resonant av = 1 vibrational transitions of diatomic molecules in Ne, Ar, Kr, Xe, and N2 matrices. 22 One conclusion from this study was that strongly bonded homonuclear molecules experience small shifts, usually less than 3%. Another conclusion was that the perturbations by the host were smallest for Ne and could be placed in the order Ne < Ar < Kr < Xe < N 2 . However this, and all of the conclusions, were based on averages with large deviations and no particular conclusion could be gleaned from any single set of measurements. Hence it is not possible to conclude whether hydrogen is a more or less strongly interacting host than the rare gases or nitrogen based on the measurements presented here.
